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Abstract
When a set of simulated multichannel seismic records acquired over pavement is processed by a 2-D wavefield transformation technique normally used in the Multichannel Analysis
of Surface Waves (MASW) method, several branches are observed in the dispersion-curve image
constructed from the transformation. Some investigators theoretically anticipated this branching
phenomenon a few decades ago in connection with discontinuities in a layer model that has decreasing stiffness with depth. Although this phenomenon has long been speculated about during
measurements with a conventional two-receiver approach, sometimes by attributing the results to
several other possible causes like higher modes, an objective observation confirming its link to
the predicted theory was never made. The dispersion curve image shows several frequency-phase
velocity branches that match fairly well with the discontinuities in the dispersion curve predicted
by theory.
With a case study and numerical modeling we discuss a new approach that can yield
thickness and stiffness of layers in a pavement system simply from the characteristics of this
branching phenomenon. These determinations can be made without going through the normal
procedure of dispersion curve analysis followed by inversion for the shear wave velocity (Vs)
profile.

Introduction
Non-destructive tests (NDT) are favored in determining low strain in situ stiffness properties (Stokoe and Santamarina, 2000). Today, there are two main types of NDT methods available for layer modulus evaluation of pavements: the deflection basin test and the seismic wave
propagation test. The most widely used deflection basin test is the Falling Weight Deflectometer
(FWD) (Huang, 1993). Spectral Analysis of Surface Waves (SASW) (Stokoe et al., 1994;
Nazarian et al., 1999) is the most established seismic wave propagation test. The final result from
both methods is a stiffness modulus as a function of depth profile.
In the SASW test the phase difference between a pair of receivers is recorded as a continuous function of frequency (wrapped phase spectrum). This function, together with receiver
spacing and coherency between the receivers, is then used to calculate phase velocity at different
frequencies (dispersion curve). Finally, the combined dispersion curve from several receiver
spacings is inverted for a shear wave velocity (VS) with depth profile. Correctness in the measured dispersion curve is critical in the inversion process (Ryden, 1999).
Results from the application of Multichannel Analysis of Surface Waves (MASW) (Park
et al., 1999), a new seismic technique for non-destructive testing of pavement layer moduli, have
been presented (Ryden et al., 2002a; 2002b; 2001; Park et al., 2002b; 2001a; 2001b). The method
used for this study is based on MASW and Multichannel Simulation with One Receiver (MSOR)
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(Ryden et al., 2001). The MSOR technique uses one accelerometer (receiver), a light hammer
(source), and a single-channel recording device to generate a simulated multichannel record in a
fast and simple manner. A laptop-computer based Portable Seismic Acquisition System (PSAS)
has been developed for fast and cost effective MSOR measurements. This system is described in
Ryden et al. (2002b). With the MASW transformation technique (Park et al., 1998; 2000) the
combined multichannel record is transformed to the phase velocity-frequency domain. A fundamental difference between this approach and the two-receiver phase spectrum approach is that
the phase velocity is not assumed to be a continuous function of frequency. If present, frequency
gaps and multiple phase velocities at each frequency can be accordingly delineated with the
MASW technique. Our recent observation (Ryden et al., 2002a; 2001) indicated that these features exist with all the pavement data analyzed. The study in this paper was motivated by this
observation.
In previous studies with the conventional two-receiver approach (Yuan and Nazarian,
1993) the frequency gaps have been also reported, but in a speculative manner mainly because
the scope of the approach was not sufficient to fully resolve the details of the complicated seismic phenomenon. Al-Hunaidi (1992) presented a method where the transition zone between
abruptly changing phase velocities were excluded from the construction of the dispersion curve;
he also recommended that this transition zone needs to be further investigated. Aouad (1993)
recommended that future work address the behavior of the measured dispersion curve at wavelengths where large velocity contrasts exist between different layers. Gordon (1997) concluded
that when a higher modulus layer overlays a lower modulus layer there is a range of frequencies
incapable of providing stiffness data.
The MASW method is well suited to studying the acknowledged difficulties with
abruptly changing phase velocities, since phase velocity is not assumed in its nature to be a
continuous function of frequency. This paper presents our initial findings on the topic from both
numerical modeling and field measurements on pavements with the MASW approach.

Inverse Dispersion
The dispersive nature of surface waves in a medium with increasing stiffness (velocity)
with depth has been investigated in traditional seismology (Shearer, 1999). In this case (normal
dispersion) the dispersion curve is continuous, with phase velocity gradually increasing as a
function of wavelength. It can be shown analytically that for a single layer resting over a higher
velocity half space the phase velocity of the fundamental mode Rayleigh wave propagation
varies smoothly from the velocity of the surface layer alone at short wavelengths to the velocity
of the half space at longer wavelengths (Garland, 1971).
In the opposite case (inverse dispersion) the phase velocity decreases with wavelength
(depth). This case has not been of much interest in traditional seismology and geophysics. However, in ultrasonics and mechanical engineering a similar case with dispersion of Lamb waves
(Lamb, 1917) in a layered plate has been investigated (e.g., Grondel et al., 1999; Lee and Cheng,
2001). The pioneering studies in seismic pavement testing were conducted by Van der Poel
(1951) and Heukelum and Foster (1960). From measurements with the steady state vibration
technique they all concluded that there existed discontinuities in the measurements of surface
waves on pavements, manifested in two ways:
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• At a fixed offset from the vibrator there was an observed jump in phase velocity with
increasing frequency.
• At a fixed frequency it was discovered that the phase velocity along the surface was not
constant but changed abruptly from a lower to a higher velocity at a certain offset.
The observed jumps in phase velocity with frequency created branches in the dispersion
curve. This phenomenon was further studied by Jones (1962) and Vidale (1964). One of the
models studied by Vidale (1964) is presented in Figure 1. This model represents a two-layer
model where a higher velocity layer overlies a lower velocity half space. The dispersion curve is
plotted on coordinates normalized with respect to the properties of the first layer. Two branches
in the dispersion curve are apparent. The upper (high frequency) branch represents the solution
for the fundamental anti-symmetric (or flexural) mode (A0) of dispersive Lamb waves (Vidale,
1964). It should be noted that the uppermost part, where L/h(1) is less than one, is only assumed
to extend as in Figure 1 because Vidale (1964) could not find any solution for this uppermost
portion of the dispersion curve.

Figure 1. Dispersion curve from a two-layer model where a higher velocity layer overlays a
lower velocity half space. Two branches in the dispersion curve can be seen. The dispersion
curve is plotted on coordinates normalized with respect to the properties of the first layer.
(from Vidale, 1964).
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By converting the wavelength (λ) to depth (λ/2) in the dispersion curve Heukelum and
Foster (1960) could match the different branches with the different stiffness layers in a pavement
construction. The work by Jones (1962) and Vidale (1964) showed that the relationship between
branches in the dispersion curve and the depth to layers of different stiffness in the system was
more complicated than the simple λ/2 conversion. Based on both an analytical solution and
experimental data, Vidale (1964) could draw the following conclusions:
• The number of branches in the dispersion curve correlates to the number of layers with
different stiffness properties in the system.
• At frequencies associated with the transition between different branches considerable
interference phenomena are likely because the amplitude and frequency of the waves
from each branch becomes of comparable size.
• The transition from a high velocity branch to a lower velocity branch occurs when the
phase velocity of the higher velocity branch becomes comparable with the compression
wave velocity (VP) of the lower layer.
• If measurements along the surface could be made very dense spatially and the different
branches could be correctly identified, it should be possible to resolve thickness of layers
with different stiffness properties, as well as both VS and VP velocities of each layer.
Vidale’s conclusions indicate it may be possible to resolve thickness, Elastic modulus (E), and
Poisson’s ratio (ν) of the different stiffness layers in a pavement construction from simply observing branches, without going through the conventional inversion process.

Numerical Study
A numerical model has been used to study the acknowledged inverse dispersion phenomena. For comparison purposes we study the same case used by Vidale (1964).
Numerical Code and Model Parameters
The computer code FLAC (Fast Lagrangian Analysis of Continua) (Itasca, 2000) has
been used in the numerical study of inverse dispersion in pavement profiles. FLAC is a twodimensional explicit finite difference code. The program utilizes a time-marching method to
solve the equation of motion.
Figure 2 shows the geometry used in the numerical model. The nature of the problem was
assumed to be axisymmetric with a linear elastic material model; i.e., no material damping was
introduced. The upper horizontal axis is free of any constraint so that surface waves can develop
along the surface. The horizontal bottom and right side of the model has viscous boundary conditions in order to absorb as much energy as possible, thereby minimizing reflections from the
edges. A finite difference mesh of cells (800*800) was set up. Internally FLAC divides each cell
into four triangular subcells (Itasca, 2000). Cell size was set up following recommendations by
Kuhlemeyer and Lysmer (1973). They showed that for accurate modeling of wave propagation
the cell size should be 10 times smaller than the wavelength modeled.
A Ricker wavelet was applied as a velocity history in the upper left corner of the model
(at zero offset). The Ricker wavelet had a 100% bandwidth and a 400 Hz center frequency. The
pulse is truncated where the envelope falls 60 dB below the peak amplitude.
As seen in Figure 1, Vidale used material parameters and geometry normalized with
respect to the top layer. The parameters in Table 1 have been chosen to exemplify “case B” from
Vidale (1964).
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Figure 2. Model dimensions and boundary conditions used in the FLAC model. Cell size
and layer thicknesses are not in scale.

Table 1. Layer properties used in the FLAC model to study a case similar to the one used in
Vidale (1964), “case B.”
Layer Thickness (m) Density (t/m3) Vp (m/s) VS (m/s) VR (m/s) Poisson’s ratio
1
0.2
2.0
1581
1000
906
0.167
2
9.8
2.0
315
95
90
0.450
Modeling Results
Vertical acceleration histories on the surface at incremental offsets from the source were
extracted from the FLAC model. These histories were combined into a multichannel record as
normally results from MSOR measurements (Ryden et al., 2001). The resulting multichannel
record is presented in Figure 3a. The record is then transformed to the frequency-phase velocity
domain (Figure 3b) by the most current version of the MASW wavefield transformation method
(Park et al., 1998; 2000). The transformed image shows how the total seismic energy is distributed between different frequencies and phase velocities. The image of the acquired data is actually
three-dimensional and the black areas are energy crests where a maximum can be extracted. The
image in Figure 3b shows inverse velocity dispersion with several branches. It is clear that there
are several phase velocities propagating at the same frequency. The first two branches [A] and
[B] are the ones to be compared with the branches predicted by Vidale (1964). Dispersion of
Lamb waves [B] and [C] are further studied from the MASW approach in Park et al. (2002a).
Further study of the branches and absolute pavement layer properties are described in Ryden
et al. (2002c).

5

Downloaded 07/03/14 to 129.237.143.20. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

(a)
(b)
Figure 3. Multichannel record (a) obtained from the numerical FLAC model. In (b) the
multichannel record from (a) has been transformed to the phase velocity-frequency domain
by using the most current version of the MASW transformation technique (Park et al.,
1998; 2000). There are several visible branches in the dispersion curve. Based on the work
of Jones (1962) and Vidale (1964) they are interpreted as follows: Rayleigh type of surface
wave [A], Lamb wave fundamental anti-symmetric “A0” mode [B], Lamb wave fundamental symmetric “S0” mode [C], direct P-wave [D], and guided wave [E].

Comparison with Theoretically Predicted Branches
For comparison purposes, the first two branches [A] and [B] from Figure 3b has been
plotted in the same scale as the results from Vidale (1964) (see Figure 4). The velocities from
Table 1 are marked on the horizontal axis in a manner similar to that used in Figure 1. In a
comparison with the calculated branches by Vidale (1964), Figure 1 shows a very close match
between the numerical modeling results and the theoretically predicted branches. This demonstrates that the MASW transformation technique can extract the different branches in a correct
manner. Because only the first two branches [A] and [B] are plotted in Figure 4 there are no
wavelengths shorter than the thickness of the top layer. Vidale (1964) could not find any solution
for these wavelengths, but assumed that branch [B] was continuing with shorter wavelengths
than the thickness of the top layer.
The numerical modeling shows that the MASW method has the capability to delineate
different branches in the inverse dispersion curve, as predicted by theory. Next a real data set
acquired over a pavement profile is analyzed using the same approach.

Case Study
Data was collected at the Denmark Technical University (DTU) at the testing facility for
the Danish Road Testing Machine (RTM). This test site (hereinafter called “the DTU test site”)
was chosen because the thicknesses of layers are known. The same data set is analyzed in Ryden
et al. (2002a), where the stiffness properties of the top asphalt layers are the main objective. In
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Figure 4. Normalized dispersion curve from the numerical FLAC model, extracted with the
MASW transformation technique. The branches [A] and [B] are extracted maximums from
the corresponding branches in Figure 3b. Compare this figure with Figure 1 where
theoretically predicted branches from a similar two-layer model have been calculated by
Vidale (1964).

Figure 5a the recorded data is presented in a multichannel record. Figure 5b shows the transformed record in the phase velocity-frequency domain, with a dotted window showing a smaller
portion of the image displayed in Figure 5c. As indicated with numbers, there are five visible
branches in the dispersion curve. Further details about the data and the data collection can be
found in Ryden et al. (2002a). The objective here is to analyze the data in terms of branches with
the approach proposed by Vidale (1964). The layering at this site and the evaluated asphalt
properties from Ryden et al. (2002a) are presented in Table 2.
Branches at the DTU Test Site
In Figure 5, five branches in the dispersion curve are observed. In Figure 6a the result is
presented in the same normalized scale used by Vidale (1964). In Figure 6b a theoretical threelayer model from Vidale (1964) is presented for comparison purposes. In the theoretical model
the second layer is twice as thick as the top layer. Layer velocities in the theoretical model are
indicated on the horizontal axis similar to Figures 1 and 4.
The DTU data processed with the MASW technique matches fairly well with the general
trend predicted by theory. The main exception is above one on the vertical axis where Vidale
(1964) could not find a solution for the high velocity branch. Because of the limited depth at the
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(a)
(b)
(c)
Figure 5. Multichannel record (a) from the DTU test site and corresponding transformed
record (b) and (c) in the phase velocity-frequency domain. The identified branches in the
dispersion curve are labeled from 1 to 5. (from Ryden et al., 2002a).

Table 2. Pavement layer properties derived from seismic measurements at the DTU test site.
(from Ryden et al. (2002a)

Layer
Asphalt 1
Asphalt 2
Base
Subgrade
Drainage
layer
Concrete

Assumed
ρ
(kg/m3)
2400
2400
-

Given values
Thickness
(mm)
36
86
140
1376
181

Thickness
(mm)
55
66
-

-

250

-

8

Calculated values
VP
VR
E
ν
(m/s)
(m/s)
(MPa)
2830
1400 0.30 14 318
3350
1500 0.35 16 818
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(a)
(b)
Figure 6. Dispersion curve from the DTU test site (a) compared to a theoretical three-layer
dispersion curve (b) calculated by Vidale (1964).

DTU test site, wavelengths longer than 2 m could not be evaluated. The number of branches in
Figure 6a (below L/h(1) equal to one) is three, as predicted for a three layer model (see Figure
6b). However, the absolute values in Figures 6a and 6b should not be compared because they
represent two different three-layer models. The main point here is to show how the general trend
and number of branches predicted by theory correlates with the branches extracted with the
MASW technique.

Discussion
From our initial findings on the branching of the inverse dispersion curve it seems possible to use the approach proposed by Vidale (1964) in the evaluation of surface waves over a
pavement system. From this theory the branches can be directly correlated with layer thicknesses, VP, and VS velocities.
It is believed that further numerical modeling is needed to establish a simplified practical
relationship between layer properties and branches. In future publications (Park et al., 2002a;
Ryden et al., 2002c) we will report on our findings.

Conclusion
This study concludes that the existence of the theoretically predicted and initially measured branches in the inverse dispersion curve can be confirmed. Both the numerical modeling
results and the field data confirm the ability of the MASW method to delineate different
9
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branches in the dispersion curve. The number of branches at wavelengths longer than the thickness of the top layer correlates with the number of layers with different stiffnesses in the system.
These branches are unique for a system where the velocity decreases with depth and has the
potential to give both VP, VS, and thickness information of each layer directly from the measured
branches without going through the conventional inversion process.
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